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EtTKECTOFRAM-J131!PRESSUREPULSATIONS

ONSUPERSONIC-DIFFUSERPEKKRMANCE

By JamesF. Connors

SUMMARY
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An e~erimentalinvestigationtodeterminetheeffectsof~res-
surepulsationsondiffuserperformancehasbeenconductedon an
8-inchramjetat a Machnumberof 1.87.Severalburnerdesigns
employing62-octanegasolinefuel-injectionsystemsandansmnular
regenerativeburnerusingpropyleneoxideasa fuelwerestudied.
h addition,a programofmechanicallycontrolledoscillationwas
conductedwhereintheamplitudeandthefrequencyofthepressure
pulsatimsweresystematicallyvaried.

Itwasfoundthatshockoscilhtions$generatedby pressurepul-
sationsfromthecombustionchamber,precludedtheattainmentof’mean
pressurerecoveriesthatwereequal& theoptimumsteadyflowvalue.
Theannularregenerativeburner,however,operatedwithsucha low
orderofpressure@lsationsthattheresultantdecrementindiffuser
pressurerecoverywasverysmall(approximately1 percentofthe
optimumsteady-flowvalue).~ bothcombustionandmechanicaloscil-
lationexperiments,theoptimummeancombustion-chamberstaticpres-
suredecreasedfromtheoptimumsteady-flowvalueby one-halfthe
totalamplitudeofthepulsationandoccurredwhenthemaximuminstan-
taneousconibustion-chamberstaticpressureequaledtheoptimumsteady-
flowvalue.

A pronouncedattenuationo~thecold-buzzpressurefluctuations
wasachievedovera limitedrangeofoutlet-inleterearatiosbymeans
ofa properlytunedrotatingdisklocatedinthecombustionchamber.
Witha disksizeequalto 30percentofthecombustion-chamberarea,
thetotalamplitudeofthe~ulsationwasreducedby 92percentandthe
ratioofmeancombustion-chamberstatic-tofree-stieamtotalpressure
wasincreasedby 7.4percent.Thedegreeofcold-buzzattenuation
variedinverselywiththesizeofthedisksinvestigated.

.
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INTRODUCTION

Experimentalperfornmnceevaluationsofthevarioussuyersoni.c-
diffusershaveoftenbeendeterminedunder~imulatedenginecondi-
tions,whereinmechanicaloutlet-arearestri.ctorshaveb,eenusedto
offera steadyflow-resistanceto theairstream.Thistechnique
therebypresumedtheattainmentofa smoothcombustion_processasa
requisiteforoptimumshocklocationwithinthediffuser.Prelimi-
narycombustionstudies(references1 to4)haveindicated)however)
thatseverepenaltiesinoptimummeantotal-pressurerecoverymy le
broughtonby combustionroughness(pressur?fluctuatfon)”a.ndatten-
dantshockoscillation.Althoughthesepressurefluctuationsinthe
ramjetmaybeminimizedor eveneliminatedwithproperdesignofthe
combustor,itisneverthelessimportanttodeterminethenatureand
extentoftheresultant‘penaltiesincurredduringroughburner
operaticm.

Ram-Jetcombustorsusuallyhavesomedegreeofinherentrough-
nessassociatedwiththeparticulardesignsandthevariouscondi- -
tionsofpressure,temperature,andvelocityencounteredinflight.
Consequently,a studywasundertakenat theNACALewislaboratoryto
establisha basisforpredictingthedecrementinoptimummeanpressuro
recoveryforanyspectiiedro@ness characteristics.An 8-inchram-
jetenginewasinvestigatedinconjunctionwithseveralcombustorde-
signsusingliquidfuelinjectionandalsowithanannularregenerative
burner’design.Inordertostudymoreintimatelythenatureofpulsing’
anditsdetrimentaleffectondiffuseropefition,a prowamofcontrolled
mechanicaloscillationswasthenundertakenwhereintheamplitudeand
thefrequencyofthepressurefluctuationscouldbe variedsystematically.
A simplerotatingdiskmountedinthecombustionchamber,wasusedto
generatethedesiredoscillation.Amplitudesweredeterminedby thesize
ofthedisk,andfrequencieswerevariedfromapproximately30to 120
cyclespersecond.

Theexperimental

APPARATUSANDEROCEDURE

investigationwasconductedintheNACALewis .
20-inchsupersonictunnel,operatingata I&h numberof 1.87tO.04.
Thetest-sectionstagnationpressurewasapproximately28inchesof
mercuryabsolute(pressurealtitude,45,000f%). Bythrottling
theairtiththeupstreamtunnelvalve,thestagnationpressurecould
bereducedto18inchesof’mercuryabsolute(pressurealtitude,
55,000ft). ForthesetwoaltitudeconditionstheReynoldsnumber,
basedonthediffuser-inletdiameterwas 1.79x 106 ‘and 1.15x ~06, --— “

P
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respectively.Thetotaltemperatureoftheairstreamwasmaintained
. at 210°t5°F andthedewpointat -10°~ 10°F.

g A sche~ticdiagramofthe8-inchramJetwithanadjustable
etiustnozzleispresentedinfigure1(a).Theengineinletconsisted
ofa shockdiffuseremployinga single-shockprojettingconewithno
internalcontraction.Withoptimumshocklocation,thecliffuserwas
designedfora combustion-chamber-inletMachnumberof0.162m a
total-pressurerecoveryof0.91(excludingsubsonic-diffuserlosses).
Anad@stableefiustnozzleactuatedbya remotelycontrolJ.ed@ck-
screwservedasa variablereslrictorforbothhotandcoldexperiments.

Threedifferentburnerdesigns(fig.l(b))wereusedinconjunction
with62-octanegasolinefuel-injectionsystems.Theburners,which
blocked50and.60percentofthecombustion-chamberarea,werescaled
downfromcombustordesignsthathadpreviouslyperformedwe21Infree-
jetstudiesofa 16-inchramjet. Fuelwasinjectedinen upstream
directionbymeansof commercialspraynozzleslocatedupstreamof the
flameholder.Amongthesevezali.qjectordesignvariationsinvesti-
gatedwerea double-ringmanifoldwithnine-spraynozzlesassignedto
equalsegments-ofcross-sectionalareaanda single-ringmanifoldwith

. fivespraynozzleslocatedat 60-percentradius(region ofhighest
velocity).Bothm.nifoldswerestudiedwithandwithoutflaredtips
on thenozzles(reference5). Ignitionwasproducedbyan oxyacetylene
pilotsystembuiltIntothecenterofeachflameholder.

Theannularregenerativeburnerisshowninfigurel(c).As indi-
catedby thearrowsontheupperportionof thefigure,thefuel
(propyleneoxide) enteredthe5/8-inchsuyplytubeandwasdirected
tothedownstreamendoftheannularchamber.Fromthispolnt,thefuel
traverseda helicalpassageuntilitwase~ectedthrougha peripheral
orificetotheoutsideandtheinsideof thecyllnder.Whenthefuel
wasinjectedintotheairstieam,iguitiawaseffectedby thefour
oxyacetylenepilotslocatedonthesupportstrut.Thisdesignof
ratherarbitrarydimensionshadonlytoallowenoughheattohe trans-
ferredtothenminfuelsothatflashingtothevaporphab.?occurred
uponexpansionthroughtheperipheralorifice.Toomuchoztoolittle
heattransfertothefuelresultedinvaporlockor injectioninthe
liquidphase,respectively,eitherofwhichcausedroughcombustion.

A photographoftherotating-diskoscilJ.atormountedinthe
combustion-chamberof the8-inchramJetispresentedinfigurel(d).
Theinvestigationextendedovera rangeofdisksizesfrom30to
75percentof thecombustion-chamberareaanda rangeof. from30to120cyclespersecond.Pressurefluctuations

%

frequencies
wereproduced



by thevaryingflowresistanceacrossthediskas itwasrotated
betweenthefull-oyenandfull-closedpositions.A smallairmotor
mountedexternaltothetunnelwallservedasa driveforthedisks,
andan electrictachometerwasusedtomeasuretherateofrotation. 8“

. 3
Forpressuremeasurements,asurveyrakeof40pitot-static

tubesarrangedineightsymmetricalradialrowswaslocatedat the
combustion-chamberinlet.Thetubeswerelocatedat thecentioi$ls
of40 equalsegments,ofcross-sectiotilarea.Duetothelong lines
fromthemodeltothemanometerboards,anypressurefluctuationsin
theengineweredampedoutandtheindicatedpressureson themno-
meterboardcorrespondedtothemeanintegratedvalueoftheinstan-
taneouspressurewave(reference4). Allpressureswerephotographi-
callyrecordedfroma differentialmultitubemanometerusing
tetrabromoethaneas theworkingfluid.

Instantaneouscombustion-chamberpressuresweremeasuredwitha
gageconsistingoffourunbendedstraingages,comectedina whets-
tone bridgearrangement,towhichtheoscillatingpressureswere
transmittedbymeansofa metallicbellows.Theelectricsi~l was
fedtitoa direct-currentamplifierandthencetoa magnetic-type
penrecorder.In thismanner,quantitativemeasurementsoffluctua-
tionamplitudes,frequencies,andabsolutepressurelevelwereobtained.

+
--

At theengineinlet,a two-mirrorshadowgraphsystemwasset .
up toallowforobservationoftheshockwavepatterns.High-speed
photographsweretakenwitha 16-millimeterc&meraoperatingat
approximately2500framespersecond.

Duringthecoldsteady-flowtestsandtheoscillatorstudies
(inwhichthefrequencywasheldconstant),theexhaust-nozzlearea

.

wasvariedovertherequiredrangetoobtaindataatandon either
sideoftheoptimummeanpressurerecoverycondition.Inthecom-
bustionstudies,fuelflowwasusedtovarythebackpressureonthe
diffuserwhiletheetiust-nozzleareawasmaintainedata fixedvalue.

Thesymbolsusedin

area,squareinches

diffuser-tiletarea

SYMBOIJ3

thisreportaredefinedas follows:

withconeremoved(=fi(5=006)2/4)squareinches

frequency,cyclespersecond

Machnumber
~==
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staticpressure~inchesmercuryabsolute

totalamplitude(maximumminusminimuminstantaneousstatic
pressu~e),inchesmercury

totalpressure,inchesmercuryabsolute-

fuelflowrate,poundsperhour

Subscripts:

o free-streamcondition

1 stationat diffuser-inlet

3 stationat combustion-chamberinlet(diffuseroutlet)

4 stationat exhaustnozzle

m optimummeanvaluewithunsteadyflow

s optimumsteady-flowvalue

I?ESULTSANDDISCUSSION

Steady-FlowDiffuserPerformance

Theresultsofa typicalcoldrun,inwhichthebackpressure
onthediffuserwasvariedby meansofa mechanicaloutlet=ea
restrictor,areshowninfigure2,wherethecombustion-chamberstatic
pressuresarepresentedas a functionof’combustion-chamber-inlet
hhchnumber.~ instantaneousstatic-pressuremeasurementwasfound
tobemoreindicativeof thechangingtestconditionsthana single
instsntsmeouspitotmeasurementbecausethestatic-pressuredistri-
butionacrosstheductremainedrelativelyflatanduniformforthe
variouscombustion-chambervelocityprofiles.Thedataaretherefor8
presentedintermsof thenondimensionalstatic-pressureparameter
13/%9 Thevaluesof combustion-chamberMachnumberwerebasedon
averagepitot-staticmanometerpressures.As indicatedinfigure2,
theexperimentaloptimummeanstatic-pressureparameterof0.875
showedclosecorrelationwiththetheoreticallypredictedvalueof
0.89,basedsolelyon shocklosses.Thedisplacementof theexperi-
mentaldatainthesupercriticalregiontotherightof thetheoret-.
icalcurvemaybeattributedtoa reductionineffectiveflowarea

*
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duetoboundary-layerbuild-upat thediffuseroutlet.As indicated
by theinstantaneouspressuredata,thetotalamplitudeof thecold- .
buzzyressurefluctuationswasas greatas 24percentof thefree-
streamtotal_pressyreinthesubcriticalrange.Thecold-buzzfre- ...–g “:
quency(fig.3)variedfrom19to 30cyclespersecondwithdecreasing
valuesofoutlet-inletarearatioQ/Al. Duringsupercriticalsteady-
flowoperationofthediffuser,therewerenomeasurablecombustion-
chaniberpressurefluctuations. —

8-InchRam-JetCombustionExperiments

Thevariationof combustl.on-chamherstaticpressureswithfuel-
flowrateata constantvalueof exhaust-nozzleareaisshownin
figure4 fora typicalcombustionexperimentwithliquidfuel-injection
burners.AS indicatedby theinstantaneouspress~e-@%e~~~ we. ‘~ .- .:
amplitudeofthepressurefluctuationsincreasedwithincreasingfuel
flow’Wf andtheoptimummeancombustion-ckmbers~ticI?resswe ...
occurredwhenthemaximuminstantaneousstaticpressureequaledthe

.—

optimumsteady-flowvalue.Basedona calculatedmassairflowfor
a maximumfree-streamtubeofairenteringtheengine,thefuel-flow
rangeof 300to500poundsperhourcorrespondedtoanapproximate ?,
rangeofmeanfuel-airratios,from00023 to 0.038 during w?ercriti~l-- . .; “j
operation.

—
,.=

Comparativeoptimummeantotal-pressum.recoveriesobtainedwith
theliquidfuel-injectionburnersandtheannularregenerativeburner
areshowninfigure5. Allthedatafortheliquidfuel-injection
burnersfellona comnoncurvewithinthelimitsof experimentalaccu-
racy● As inthe3.6-inchram-jete~eriments(reference4),a pro-
nounceddecreaseinoptimummeantotal-pressurerecoveryoccurredwith
decreasingvaluesoftotal-pressurerecovery-withoutcombustionor,
equivalently,tithincreastigexhaust-nozzle_area:_Seyeral.variables
Inthecombustordesignwerestudiedinan efforttoobtaina smooti-er— — .
comlnzstionprocessand,asa result,toattaina higherlevelofmean
pressurerecovery.Thedesignchangesincludedthreedifferentflame
holders,twofuel-injectordesigns,spray-nozzleswithandwithout
flaring,andincreasingthedistancebetweentheflameholderandthe
pointofinjectionfrom1.5to 3 combustion-chamberdiameters.None
ofthesechangesproducedsmynoticeablereductioninthedegreeof

—

combustionroughnessor improvementintheperformanceofthediffuser
withcombustion.

——

-.

—
——

Theannularregenerativeburnerwithpropyleneoxideas thefuel
produceda lowerorderofpressurefluctuationsthantheliqul.dfuel-

.

injectionburnersandtithitsusea markedimprovementindiffuser
.
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performancewithcombustionwasrealized.As indicatedby thedata
. infigure5,

bustionthat
P obtained.
80

valuesofoptimummeantotal-pressurerecoverywithcom-
closelyapproachedtheoptimumsteady-flowvalue were

Rotating-DiskOscillatorExperiments

In orderto simulatevaryingdegreesof combustionroughness,a .
mechanicaloscillatorwaslocatedinthepositionthattheflame
holderoccupiedduringthecombustionexperiments.Thepressurerake,
whichwasmountedapproximately2.0diametersupstreamof therotating
disk,Showedno indicationsofasymmetricalfloworotherdistortionof
thevelocityprofile.Datafromty_picaloscillatorexperimentsare
presentedinfigure6,wherethecombustion-chamberstaticpressures
areplottedasa functionof thecombustion-chamber-inletMachnumber
ata constantoscillatorfrequency.As inthecombustionexperiments,
theoptimummeancombustion-chamberstaticpressureoccurredwhenthe
maximuminstantaneousstaticpressureequaledtheoptimumsteady-flow
value.In thesupercriticalrangeof operationthetotalamplitude
ofpulsingAp3 rem.inedapproximatelyconstantwithcombuetion-

. chamherMachnumberM3 foranyspecifiedfrequency.Valuesofopti-
mummeancombustion-chamberstatic~ressuredecreasedwithincreasing
amplitudesofpressurefluctuationAp3. Similarexperimentaldata
wereobtainedfora rangeofdisksizesbetween30and75percentof
thecombustion-chamberareaandfora rangeof frequenciesbetween30
and120cyclespersecond.Ineachcasetheoptimwnmeanstatic-
pressureparameter(p3@O)m app~ed tobe ~dependentof tiefre-
quencyof themechanicalosci3J.ations.

CorrelationandExtrapolationofPressureFluctuation

DataObtainedtithandwithoutCombustion

b anactualengine,thevariationof thetotalamplitudeofpul-
sationAp3 withcombustion-chamber-inletMachnumberisprimarily
a functionofthecombustionprocess.However,in orderto estab-
lisha basisforpredictingthemagnitudeoftheoptimum~ pres-
surerecoveryasa functionof specifiedroughnesscharacteristics,
a relationmustbe establishedletweentheoptimumsteady-flowstitic-
pressureparameterandtheoptimummeanstatic-pressureparameterwith
thevariousamplitudesandfrequenciesofpressurepulsations.Sucha

. relationshipis indicatedinfigure7,wherethedecrementin the

.



optimummeancom’’uetion-chamberstatic-pressure
~PS)~-(PS)~/pO ispres~teda~af~ction
totalqplitudeofp@&ticm tothefree-stream
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parameter
oftheratioofthe .
totalpressure.The o

equationforthesolidlineinfigure7 wasbasedontheassumption %
thattheintegratedmeanof thepressure-timediagramwouldbe equal .-l
totheaverageofthemaximumandminimuminstantaneouspressures.
AllthetestpointsIncludingdatatakenwiththeoscillatorata
tunnelpressurealtitudeof55,000feetanddataforthe3.6-inchram
jetinreference4 fell,withintheexperi~talaccuracy,onthe
solidline.Thus,inbothcombustionandmechanicaloscillatione~eri-
ments,thedecrementinoptimummeancombustion-chamberstaticpressure
wasequaltoone-halfthetotalamplitudeofthepulsation.Within
therangeofthevariablesinvestigated,thiseim@erelation
appearedtoholdindependentoftheoriginorfrequencyofthepres-
surepulsation. .

InordertointerpretthisresultIntermsoftotal.ratherthan
statio-pressurerecoveryytiefollowingeqti”tionmaybe used:

where

f(M)=:

(1) .

Withtithee~erimentalscatterofthedataitwasobservedthatthe
supercriticalportionofthediffusercurve-ofman p3/POasa
functimof M3 wasapproximatelythesameforboththesteadyand
nonsteadyflowcases.Thisobservationwasalsonotedinreference1.
Thusthevalueof ~ maybeapproximatedby locating(p3/Po)mon

thesteady-flowdtffusercurve
[ 11*P3 ~d
(P3/~o)m=(P3/p& -~~

-.
thenobtainingthecorrespondingMachnumber&. Forsmallampli-
tudesofpulsationorforcombustion-chamberMachnumbersmuchless
thanunity,f(~)~ f(Ms)and

.

.

.

(am’(?)s’-‘(%)H?
.—

(2)

.

.
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Theerrorinvolvedinusingtheforegoingapproximationtisteadof
equation(1)waslessthan1 percentforpressurefluctuationampli-
tudesAP3 up toapproximately0.25POO

Fora specifiedamplitude,then,thedecrementinoptimummean
pressurerecoveryvarieswiththemagnitudeofthefree-streamtotal-
pressure.Thedetrimentaleffectofram-jetpressurepulsations(at
specifiedamplitude)ondiffuserperformanceismagnifiedas changes
h theflightconditions(Kchnumberandaltitude)resultinreduced
valuesOrfree-streamtotalpressure.

AttenuationofCold Buzz PressureFluctuations

In studying”theeffectoftheoscillatoron thesubcritical
operationofthediffuser,itwasfoundthata rotatingdisk,when
tunedtoa criticalfrequency,causeda markedattenuationof’the
cold-buzzpressurefluctuations.Znstantameouspressure-timedia-
grams(fig.8) showthepressurefluctuationsobtainedwiththree
differentdisksizes,eachunderthefollowingconditionsata con-
stante-ust-nozzlearea: (1)disklockedinfull-closedposition,
(2)disklockedinfull-openposition,and (3)diskrotatingat a
frequencytunedforminimqmamplitudeAP3. Withthesmallestdisk
sizeequalto 30percentof thecombustion-chamberarea,thetotal
amplitudeof cold-buzzpulsingwasreducedby S2percentandthevalue
ofthemeancombustion-chamberstatic-pressureparameterP3/powas
increasedby 7.4percentwhentheoscillatorw@stunedtoa frequency
of106cyclespersecond.Thefrequencyoftuningwascriticaland
restrictedtoa narrowbend. On eithersideof thecriticaltuning
frequency,theamplitudeof thepulsationssadthemeancombustion-
chamberstatic-pressureparameterP3/Powereof thesameorderof
magnitudeas theoriginalcold-buzzvalues.As showninfigure9,
theamplitudeof theattenuatedcold-buzzpreesurepulsationsvaried
withthesizeof thedisk(thesmallestdiskinvestigatedresultedin
thegreatestattenuation).Thisphenomenonextendedovera limited
rangeof subcriticaloutlet-inlet-arearatios.

9

High-speedshadowgraphpictures(fig.10)weretakenatapproxi-
mately2500framespersecondinorderto studytieshock-wavepatterns
at thediffuserinletfortheconditionscorrespondingto thoseoffig-
ure8(b)fora disksizeequalto 65percentof thecombustion-chamber
szea. Onlyone sequenceof selectedphotographs(fig.10(a))isshown
forthecold-buzzconditionwiththedisklockedinposition,because
theonlynoticeabledifferencebetweenthefull-openandfull-closed
positionswasthefrequencyofthepulsations.Theshockpatterns

amiiGERiiia?R
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vere otherwisesimilar. As indicatedby thebranchshocksinthe
~hotogrqhs(fig.10(a)),boundary-layerseparationontheconesur- .
faceappeaedtobeassociatedwiththecold-buzzcondition,although
itse~ct role(causeoreffect)wasnotdetermined.A highorderof’ 8massflovspillagearoundtheinletwasindicatedby themainshock
travelingupstreamtothetipofthecone.

3
Contrastedtothls,ccadi-_

tionistheattenuatedcoldbuzz,producedby therotatingdisktuned
toa frequencyof104cyclespersecond,andshownina sequenceof
photographs(fig.10(b)).Theoneobviousandsignificantchange,
effectedby therotatingdisk,wasthelargereductionintheshock
travelaheadof thediffuserinlet,whichwouldindicatea decrease
intherateofflovspillagefromthatof theoriginalcoldbuzz
(fig.10(a)).

SUMMARYOFRESULTS

An e~eri?nentalinvesti~tlontodeterminetheeffectofpres-
surepulsationsonsupersonicdiffuserperformancewasconductedin
theNACALewis20-inchsupersonictunnelcman 8-inchramJetata
Machrn.miberof1.87.Experimentsinwhichcombustionroughnessand
controlledmechanicaloscllhtionswerestudiedresultedinthefol-
lowingobservations:

1. OsciX&tionsofthediffusershock,generatedbypressure
pulsationsfromeithertheram-jetcombustionprocessortherotati.ng-
diskoscillator,precludedtheattainmentofmeanpressurerecoveries
thatvereequaltotheoptimumsteadyflowvalue.Theannularregen-
erativeburner,however,operatedwithsucha loworderofpressure
palpationsthattheresultantdecrementindiffuserpressurerecovery
wasquitesmall(approxinmtely1 percentof theoptimum~t9aayflow
value).

2. Withintheexperimentalaccuracy,theoptimummea@combustion-
chamberstaticpressureoccurredwhenthemaximumInstantaneous static
pressureequaledtheoptimumsteady-flowvalue.

3* Inboththecombustionandmechanicaloscillatione~eri-
ments,thedecrementinoptimummeancombustion-chamberstatic,pres-
surewasequaltoone-halfthetotalamplitudeofthepressure
pulsations.

4. Theamplitudeofcold-buzzpressurepulsationsina single-
shockdiffuserwasmarkedlyattenuatedovera limitedrangeof sub-
criticaloutlet-inletarearatiosbymeansofa properlytuned
rotatingdisklocatedinthecombustionchamber.Witha disksize

.
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equalto 30 percentofcombustion-ohamberarea,thetotalamplitude
. dfthepressurefluctuationwasreducedby 92percentandtheratio
g ofthemeancombustim-chamberstatic-tofree-streamtotalpres-
00 surewasincreasedby 7.4peroentwhentherotatingdiskwastuned

toa frequencyof106cyclespersecond● Thedeaee of cold-buzz
attenuationvariedinverse~wt.ththesizeof thedisksinvestigated.

LewisFlightPropulsionlaboratory,
NationalAdvisoryCommitteeforAeronautics, .

Clevelmd,Ohio.
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